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This paper presents the growth and characterization of three-dimensional structures using metal-organic (or organometallic) chemical
precursors like M(CH3)3, where M is a metal. Their morphology depends principally on growth temperature and conditions at the surface of the
substrate. These 3D structures can be separated into two classes: i) one with (Ga, Al, In) metallic alloys shaped as sphere, sceptre or cylinder and a
carbon membrane covering the alloy; ii) the other with semiconductor or oxide nanowires capped by a metallic sphere. The metal-organic
precursors can be seen as catalysts molecules that grow semiconductors with micro and nanostructures similar to the role of gold particles used to
grow nanowires in the VLS mechanism. We present the MOCVD growth of Ga2O3, CuGaxOy and (Ga,In)P nanowires using the metal-organic
precursors on metallic or metal containing substrates.
© 2007 Elsevier B.V. All rights reserved.Keywords: Nanostructured materials; MOCVD; Trimethyl-gallium; Nanocrystals1. Introduction
Production of nanostructured materials is currently an
expanding field seeking new routes for its realization and
research for understanding the underlying mechanisms. Since
Middle Ages, alchemist could produce nanostructured materials
embedded in churches' stained glasses. Their colours depend on
the glass composition and preparation conditions: particle size,
shape and surrounding material [1]. In the same way and for
long time ago, carbon nanostructured materials have been
obtained by acetylene and/or carbon dust burning in chimney
industry [2]. The most important discovery and more present
application of nanostructured materials fabrication came in the⁎ Corresponding author. Université de Bourgogne, 9 avenue A. Savary, BP
47870, 21078 Dijon Cedex France. Tel.: +33 3 80395908; fax: +33 3 80396013.
E-mail address: msacilot@u-bourgogne.fr (M. Sacilotti).sixties with the work of Wagner&Ellis, they produced wire
shaped silicon structures (3D-S) with diameter in the microm-
eter range [3]. Their method is currently called vapour–liquid–
solid mechanism (VLS). It is based on a metallic cluster
deposited on the substrate surface prior to the injection of “food
nutrients”: chemical elements that will be incorporated in the
3D-S through a catalysis effect due to the action of a gold cluster
as “cooking agent”. In other words, a metallic cluster acts as a
catalyst, transforms food nutrients and builds the 3D-S.
Following Wagner&Ellis work, many groups: Iijima, Samuel-
son, Lieber, and Buhro's [4–7] developed very interesting and
intriguing nanostructured materials based on the VLS method.
However, and following other routes, nanostructured materials
have been grown without metallic cluster as starting point. In
this way ferrocene has been utilised as catalyst and an oxide
assisted growth has also been realized by others groups: Pinault,
Lee and Shi [8–10]. Nevertheless, the actual growth mechanism
9105is still a matter of debate. Most of the discussions about it suffer
from considerations related to the size of the metallic cluster, its
shape and structure. The size effect is associated to the lowering
of the melting point of a metallic cluster when its size decreases
[11–13]. In the same sense and without explanation of the actual
mechanism taking place, our group proposed a different way for
building 3D-S micro/nanometer sized materials, based on
interactions of organometallic precursors with many different
substrates and structures deposited on them [14,15]. This paper
presents the most important and recent results dealing with 3D-
S growth by interaction of organometallic (OM) with substrates
containing metal on its surfaces or metallic substrates. It is
organised as follows: results of interaction of OM on metallic
Cu and kanthal (Fe–Al–Cr alloy) substrates and metal
containing InP substrates. Characterizations by using scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM) techniques are presented. Discussion and sugges-
tion about the present method and comparison with already
published growth mechanisms will be presented.
2. Experiment
Growth of 3D-S using OM precursors is presented in Fig. 1;
it is performed by exposition and interaction of OM vapour
pressure with a substrate within a MOCVD apparatus [14]. The
3D-S shape and composition obtained after growth depend on
several parameters: type of OM precursor (e.g. trimethyl-
gallium, TMGa flow ∼1 sccm), substrate composition, type of
carrier gas (N2: 2–10 slm), growth temperature, reactor pressure
(50–760 Torr) and relative partial pressure of carrier gas/OM.
For most cases, amorphous carbon membranes coming from the
CH3 OM radical surround the grown 3D-S. As depicted in
Fig. 1, at low temperature, 450–550 °C, we observed the growth
of thin leaves-like structures that we call 3D grass structures.
These carbon branched structures are impregnated by Ga whenFig. 1. Picture representing 3D structures grown by exposure of a substrate to a TMG
growth depends on the reactor conditions (50–760 Torr), giving rise to grass leaf (45
shaped structures. Most of these structures are held by carbon membranes, and contthe OM precursor is TMGa. At relatively higher temperature,
600–750 °C, we obtain 3D-S such as balloons and cylinders
(Fig. 1). By using an intermediate temperature, 550–600 °C,
and low carrier (N2) gas flow 3D-S neurone like structures are
obtained, i.e. Ga enveloped and interconnected by carbon
membranes and branches (Fig. 1). All these structures contain-
ing liquid Ga can be appropriately annealed under NH3 and
form GaN nanocrystals for which light emission is in the visible
light spectra [14,16,17]. The above mentioned 3D-S growth
takes place on relatively stable substrates such as Si, sapphire,
SiO2 and quartz. When metallic substrates or metal containing
substrates are used, we obtain wires of oxide single crystals and
III–V semiconductors. We call these structures 3D-S sceptres
(Fig. 1). Some of these grown structures on metallic or metal
containing substrates will be described below.
3. Growth of oxide wires: CuGaxOy/Cu substrates
To facilitate subsequent sample characterization TEM
copper grids were used as substrates and exposed to TMGa
OM precursor flow to grow (Cu, Ga) oxides. These Cu
substrates were cleaned up by conventional techniques but
copper oxide always remains at the surface. Doing so, OM
interaction takes place in the presence of copper and oxygen.
After 15 min exposition of the grid to TMGa flow, sceptre-like
structures are present and fixed to the surface of the substrate, as
shown in Fig. 2. It presents HRTEM picture of a CuGaxOy 3D
sceptre-like structure grown on Cu, exposed to a 1 sccm TMGa
flow. The inset is a selected area electron diffraction pattern of
the wire. An arrow indicates the growth axis of the wire. All
diffracted spots can be indexed as instead of in the CuGa2O4
cubic phase— Fd3m (b111N inter-planar distance is 0.47 nm).
Diffuse rings of diffraction pattern, although not shown here,
are observed and prove that metallic balls of sceptres are
amorphous. EDX analysis (not shown) shows the presence ofa organometallic precursor flow (∼1 sccm). Carrier gas flow: N2: 2–10 slm. Its
0–550 °C), neurone (550–600 °C), balloon, cylinder and sceptre (600–750 °C)
ain Ga inside. Growth duration is 5 to 15 min.
Fig. 2. a) High-resolution TEM bright field picture, and selected area electron
diffraction pattern inset of a CuGa2O4 wire grown on Cu at 650 °C during
15 min b) and c) HRTEM bright field image of CuGa2O4 nanowire single
crystals. Note that the interface between wire/ball and top of the ball can be (a)
flat/round; (b) round/flat; (c) round/round.
Fig. 3. a) SEM picture of nanostructures grown on kanthal (Fe–Al–Cr alloy). b)
Dark field TEM picture of a single wire in selected area mode. Electron
diffraction pattern modes TEM picture of Ga2O3 3D structures grown on kanthal
during 15 min at 650 °C.
9106(Ga, Cu) in the ball and of Cu, Ga and O in the nanowire
structure as the main elements. Surprisingly and differing from
published data [3,5,6,13], the interface between top ball and
wire can be flat or rounded, as depicted in Fig. 2. Published data
consider a flat interface between the wire and the ball, where
these data consider only results after the end of the growth of the
wire. Moreover, the geometry of the interface may be different
during growth, at high temperature and before the total quantityof ingredients of the ball are consumed; these ingredients come
presumably by surface diffusion instead of volume diffusion
[13,18] from the environment during growth.
4. Growth of oxide wires: Ga2O3/kanthal substrates
When metallic kanthal (Fe, Al, Cr alloy) substrates are used
and exposed to a TMGa OM flow, we observe the growth of
sceptre-like shaped 3D-S, (Fig. 3). The top ball is made of Ga
and the wire of gallium oxide, as observed by EXD (not shown)
and TEM measurements. From the selected area of electron
diffraction TEM patterns (Fig. 3), we have established that wires
are single crystals composed of gallium oxide identified as the
monoclinic Ga2O3 phase (space group C2/m with a=1.223 nm,
b=0.304 nm, c=0.580 nm and β=103.7°). Note that the wire
shown in Fig. 3 is not entirely filled and can be considered as a
tube. Kanthal alloys can be utilised for home heating apparatus,
they are metal alloys exhibiting a high melting point. At growth
temperature, 650 °C, we do not know which of its oxide surface
reacts with TMGa to grow Ga2O3 3D-S.
91075. Growth of III–V compound wires: GaInP and GaP on
InP substrates
Metal-organic molecules can be used to grow 3D structures
directly on polycrystalline or single crystal InP substrates by the
MOCVD technique. The growth temperature varied from 600 to
700 °C, a range where the surface of InP substrates should start
to decompose in a non-congruent way, leaving free metallic In
on its surface [19]. Trimethyl-gallium (TMGa) and/or trimethy-
lindium (TMIn) were utilised to grow wire-like structures; N2
(2–5 slm) was the carrier gas in a MOCVD vertical reactor.
These presented 3D structures that have a sceptre-like shape
(wire-like) and are made of a long GaInP or GaP rod support,
capped by a metallic ball as depicted in Fig. 4. Equations of
growth of these structures are given below.
TMGa þ InP þ ð650 -CÞ→GaInP wire capped by ðGa; InÞ ball
þ carbon radicalsTMGa þ TMIn þ InP
þð650 -CÞ→GaP wire capped by ðGaÞ ball
þcarbon radicals
The exposure of InP to the flow of TMGa molecules, 3D-S
of GaInP (In ∼63%) is obtained. High-resolution TEM images
show that wires have the structure of GaInP single crystalsFig. 4. a) HRTEM pictures of a bamboo shaped GaInP, case of InP exposed to
TMGA flow, (SEM inset on the left) and b) HRTEM picture of a GaP wire made
of twined single crystal nanostructure, case of InP exposed to TMGa and TMIn
flow. Both structures are grown on InP by MOCVD at 650 °C during 15 min.(Fig. 4a). Many crystal structures grow along b111N and b311N
rod axes. Crystals twined along the direction of growth are
observed, as shown in Fig. 4a. Bamboo-like structures are
observed among these 3D structures. b111N oriented wires are
twined along the growth direction (60° rotation of each slice of
the wire). Metallic balls on top of sceptres are mostly In, as
detected by EDX (not shown). The whole 3D sceptre structure
is externally made of an amorphous layer of gallium oxide as
shown in Fig. 4a. In the present case, In and P comes from a
non-congruent In and P evaporation of InP above 350 °C.
Surprisingly, simultaneous exposure of InP substrates to a
TMGa flow and to a TMIn vapour pressure creates GaP wires,
as presented in Fig. 4b. These wires are b111N oriented and
twined within the growth direction (60° rotation of each slice of
the wire). At the present stage, we do not know why an addition
of TMIn inhibits the formation of In containing wires. In the
present case, Ga comes from TMGa decomposition and P from
InP non-congruent evaporation between In and P.
6. Conclusions
Differently from the VLS (not yet completely explained)
growth mechanism, the present results show that wire-like
structures can be obtained by exposing different kinds of
substrates to a metal-organic precursor flow. VLS method uses
a metal deposited prior to the growth of 3D structures. Metallic
substrates exposed to OM flow give rise to oxide wires, while that
of III–V InP substrates lead to III–V InGaP or GaP wires. An
intriguing situation occurs for InP substrates: exposure to TMGa
flow created GaInP wires while exposure to TMGa and TMIn led
to GaP wires. At the present stage, in comparison with the VLS
method, the intriguing growth mechanism is to be developed [3–
8,13]. Substrates surface oxides that are present can participate to
the growth of wires but the actual growth mechanism is still a
matter of debate [9,10,13]. Organometallic precursors act as
catalysts to grow3D structures.We do not know if the exposure of
substrates to the organometallic flow can initially build a metallic
nanocluster on its surface, before the wire grows, as for the VLS
technique. Certainly, size effects (and curvatures effects) due to
metallic nanoclusters play an important role in interactions with
substrates and should be taken into consideration for a better
understanding of the growth mechanism [11–13]. Nevertheless,
the present results can be added to the panorama of many growth
methods to be improved and studied to grow nanowires structures
without many experimental steps.
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